This study reassese Schwartz analysis using the same model found that a 100-pg/m3 increment in the 48-hr mea cocentation oftotal snded particules (TSP) was assocated with in all-cause mortality [rare ratio = 1.069; 95% cnfidence interval (CI), 1043-1.096) after adjent for q tic trend, seawon, year, preous day's mean teperature, dew point, winer temperatre, and indicators of hot (tempeature > 80W) and humid days (dew point > 66WF). Critics suggested that time-vayin factors su as ssn and day ofweek were not sfficiently controlled in this anablis and subsequent udies in other locations. We used a conditional logistc regression analysis with a case-crossover design to renalyze the data, with air pollution in the prior and subsequent weeks to the day of death serving as referent periods. The case-crossover approach controls for season and day of week by design rathe than delig We found that a 100-pg/m3 t in the 48-hr mean level of TSP was asiated with increased ali-cause mortality [ The control periods are generally selected to control relevant time-varying confounders. For ambient air pollutants, the case period is the 48-hr period ending at midnight on the day of death. The reference or control periods are selected to control confounding by day of week, that is 7, 14, or 21 days before the case period and 7, 14, or 21 days after the case period. Symmetric control periods around the case period were chosen to control for the long-term time trend in the data. As with any matched design, multiple reference periods may be used in the analysis. All of the deaths occurring on a given day share the same exposures in both the case period and control period. A detailed discussion of control sampling strategies for case-crossover studies has been previously published (11) .
We analyzed the daily mortality counts by a case-crossover model using the SAS conditional logistic regression procedure (12 The common case period for exposure was a 48-hr average TSP ending on the day of death. &Adjusted for yesterday's 24-hour average temperature, today's dew point, winter temperature, and an indicator of hot days. bAdjustment for season with four sine and cosine functions with periods of 365 and 120 days.
Volume 107, Number 8, August 1999 * Environmental Health PerspectivesArticles * A case-crossover analysis of air pollution association of TSP with mortality was not altered by adjustment for season (Table 1) . When only prior reference periods were used in the analysis, a larger pollution effect was seen before, but not after, this cyclical adjustment ( Table 1) . The crude association of TSP and mortality without adjustment for weather (OR = 1.086) was substantially larger than the adjusted association (OR = 1.056). The association was not further reduced by the inclusion of an indicator of humid days. The relationship between TSP and mortality did not depart greatly from linearity when TSP was modeled adding a quadratic term (X2 = 2.8) or by a natural cubic spline with knot points at the upper and lower quartiles (X2 = 5.9).
A larger effect was seen for deaths in persons . 65 years of age (OR = 1.074; CI, 1.037-1.111) and for deaths due to pneumonia (OR = 1.076; CI, 0.918-1.260) and to cardiovascular disease (OR = 1.063, 95% CI 1.021-1.107) in the model with six reference periods. Cancer mortality was not associated with TSP (OR = 1.004; CI, 0.945-1.066).
Discussion
In earlier Poisson regression analyses (9) , the association between TSP and daily deaths in Philadelphia was robust to the method of modeling time trends, seasonal patterns, and weather. Similar results were found using generalized additive models, which use nonparametric smoothing to fit nonlinear functions of time and weather (3). Schwartz (3), Schwartz and Dockery (9) , and Kelsall et al. (13) found that these results were insensitive to model specification. However, Li and Roth (4) and Moolgavkar et al. (5) have challenged these reports. Further, the degree of sensitivity may depend on the correlations between particulate air pollution, season, and weather, which vary from city to city. Hence the results in other locations may be less robust to model specification. A methodology that controls for such patterns by design is clearly a valuable contribution.
The case-crossover approach has the potential to control for some of these factors by design by comparing the current exposure period in the 48 hr immediately before death with referent exposure periods in the same season and close in time. However, most case-crossover studies use a prior reference period. In that case, the case event always follows the control period, and there is perfect confounding with time trends, if present. Because time trends are usually present in mortality series, symmetrical reference periods are needed (14) . Symmetrical reference periods close together in time seem likely to control for season as well as trend. By using symmetric 7-, 14-, or 21-day reference periods, the case-crossover model eliminates by design the confounding effects of longterm trend and day of week. In this analysis, the symetric reference periods appear to control for seasonal variation as well. Further, because the case and control periods are limited to a similar part of the same season, the range of variation of the weather variables is more limited than in the Poisson regressions and therefore may be easier to control by modeling weather variables. We believe that this demonstrates the utility of the case-crossover approach in reducing the dependence of conclusions about air pollution associations on modeling assumptions.
It is important to control for season and day-of-week effects (or at least weekend/weekday contrasts) for several reasons. There is considerable seasonality in mortality that remains even after control for weather. This is due to unmeasured factors such as time spent outdoors, viability of viruses, etc., which vary seasonally. Because air pollution also has seasonal variability, this has the potential to confound the pollution associations if not controlled. In addition, season probably modifies the relationship between ambient concentrations of particles and personal exposure to particles of ambient origin. Time spent outdoors and window opening are two obvious reasons. In addition to this 365 day cycle, behavior and exposure change substantially between weekdays and weekends. A case-crossover analysis with control periods chosen as multiples of 7 days is an elegant way to accomplish these goals.
We have confirmed the previous results of Schwartz and Dockery (9), Schwartz (3), Kelsall et al. (13) , and Samet et al. (15) that the association of particulate air pollution with increases in daily mortality in Philadelphia are not sensitive to change in modeling techniques. Unlike Poisson regression analyses, the case-crossover model controls for trend and season by design and limits potential confounding by weather due to the reduced range of variation in weather factors between the case and control periods. A disadvantage to the case-crossover approach is that the model for total mortality has a larger standard error in the case-crossover analysis (0.0142) than in the Poisson analysis (0.0126). This loss of statistical power will increase whenever there are some days that have no deaths. The lower statistical power of the case-crossover design has been previously noted (16) .
The analysis here has been restricted to comparing the results using one pollutant.
There are multiple pollutants in the air in Philadelphia, and those associations have been well documented (13, 15) . They are not repeated here because our goal is to demonstrate the methodology of casecrossover designs, not repeat analyses that have been done before.
An advantage of the case-crossover approach is that it may be implemented with any statistical software that supports conditional logistic regression, whereas generalized additive models are only available in more advanced and difficult packages, such as SPlus [Statistical Sciences Corporation, Seattle, WA (17) ]. More importantly, the case-crossover approach in principle allows the investigator to utilize additional data on each individual death. Additional death certificate information such as exact age, contributing cause of death, and location of death, might be useful as covariates and effect modifiers in the case-crossover setting.
